C entrioles template assembly of cilia and recruit pericentriolar material to form centrosomes (1, 2) . Centriole duplication is tightly controlled, so that mitotic cells have precisely two centrosomes (3, 4) . Supernumerary centrosomes are prevalent in cancer and have been postulated to contribute to tumorigenesis (5-7), perhaps by promoting chromosomal instability (8, 9) or increasing cellular invasiveness (10) . However, whether cancer cells become dependent upon extra centrosomes for proliferation is unknown.
Centriole assembly is controlled by the serinethreonine protein kinase Polo-like kinase 4 (Plk4) (11) (12) (13) (14) (15) . Of all the compounds previously reported to bind Plk4, only CFI-400945 and related analogs exhibit any in vitro Plk4 selectivity (16) (17) (18) (19) (20) , and none prevent centrosome assembly in cells. CFI-400945 also induces centrosome amplification and phenotypes associated with Aurora B inhibition ( fig. S1 ) (18) . Therefore, to develop a selective Plk4 inhibitor with in vivo efficacy, we chose the pan-Aurora kinase inhibitor VX-680, which also inhibits Plk4 (16, 17, 20) , as a template ( fig. S2, A and B) . Guided by modeling, we introduced a methoxy substituent at the VX-680 C5 position (magenta shading in Fig. 1A ) to target the rare hinge-region methionine in Plk4 (Met 91 ) ( fig. S2B ) and generated a compound with~15-fold in vitro preference for Plk4 over Aurora A. Out of an additional 390 analogs synthesized and characterized, 133 (34%) had half-maximal inhibitory concentration (IC 50 ) values ≤100 nM for Plk4 in vitro, but only one, LCR-015 (in which the VX-680 cyclopropylamide was replaced with a benzyl sulfone) (orange shading in Fig. 1A ), depleted centrosomes in NIH/3T3 mouse embryonic fibroblasts and HCT-116 human colon carcinoma cells at concentrations <10 mM ( fig. S2A ). Optimization of LCR-015 produced two highly selective Plk4 inhibitors with robust cellular activity: centrinone [LCR-263; inhibition constant (K i ) = 0.16 nM in vitro; centrosome depletion at 100 nM] and centrinone-B (LCR-323; K i = 0.6 nM in vitro; centrosome depletion at 500 nM) (Fig. 1A) . A 2.65 Å centrinone-Plk4 kinase domain cocrystal structure (Fig. 1, B and C, and table S1) revealed that the benzyl sulfone moiety required for cellular activity (orange in Fig. 1 , A and C) wraps around the catalytic lysine (Lys
41
) and forms hydrophobic contacts with Asp 154 of the Asp-PheGly (DFG) motif (Fig. 1C and fig. S2C ), which should disfavor transition to the active state. Both centrinones exhibited >1000-fold selectivity for Plk4 over Aurora A/B (Fig. 1A and table S2 ) in vitro and did not affect cellular Aurora A or B substrate phosphorylation at concentrations that deplete centrosomes ( fig. S2D ). In vitro screening against 442 human kinases (16) at~500 × K i and subsequent dose-response analysis indicated high selectivity (tables S3 and S4), particularly against mitotic kinases. Although we report data obtained with centrinone, key results were replicated with centrinone-B.
Plk4 inhibition prevents new centriole assembly without disassembling preexisting centrioles (11, 12, 14) . Consistent with this, centrinone treatment of HeLa human cervical carcinoma cells led to a progressive reduction in foci containing centriolar and pericentriolar material markers at each round of cell division, until most cells lacked centrioles and centrosomes ( Fig. 1D and fig.  S2E ). Centriole loss prevented formation of primary cilia and resulted in the absence of focal microtubule organization during recovery from nocodazole treatment ( fig. S3, A and B) . Golgi organization was unaffected ( fig. S3C ), consistent with its ability to nucleate microtubules independently of centrosomes (21) . Centriole loss was fully reversible; 10 days after centrinone washout, all cells exhibited normal centrosome numbers (Fig. 1D) . Treatment with centrinone reduced centriole number in multiciliated Xenopus epithelial cells, which indicated that Plk4 also controls centriole amplification in differentiated cells ( fig. S4 ). To confirm that these effects were due to Plk4 inhibition, we generated a Plk4 mutant [ fig. S2C ). Treatment with centrinone blocked centriole amplification in cells overexpressing wild-type but not G95L Plk4 (Fig. 1E) , which confirmed that centrinone prevents centriole assembly by inhibiting Plk4.
For the first 2 days after centrinone addition, when cells retained two or one centrosomes, the proliferation of HeLa and NIH/3T3 cells was identical to controls; this was followed by a decrease in proliferation rate coincident with the appearance of centrosome-less cells ( Fig. 2A, Fig.  1D, and fig. S5 ). Cells treated long-term continued to proliferate at the slower rate and returned to the control rate after washout-mediated centrosome recovery (Fig. 2B) . Measurement by single-cell imaging in cells coexpressing green fluorescent protein-proliferating cell nuclear antigen (GFP-PCNA) and histone 2B-red fluorescent protein (H2B-RFP) revealed that G 1 +S and G 2 durations were not substantially different in centrosomeless cells compared with controls ( Fig. 2D and fig.  S6 ). Imaging of cells coexpressing centrin-GFP and H2B-RFP revealed that mitotic duration was increased by~20 min in centrosome-less NIH/ 3T3 cells and by~1 hour in HeLa cells ( fig. S7 ). Consistent with prior work (22, 23) , centrosome loss increased the frequency of mitotic errors ( Fig. 2E and fig. S7 ), which resulted in cell death ( Fig. 2F and fig. S6C ) that quantitatively explained the reduced proliferation after centrosome removal ( fig. S6D ). Centrosome-less NIH/ 3T3 and HeLa cells arrested in response to DNA damage and also retained the ability to bypass this arrest when treated with caffeine ( fig. S8 ).
To determine whether centriole depletion is preferentially deleterious to cell lines with supernumerary centrosomes, we analyzed the basal level of centrosome amplification across a panel of 21 cell lines that continued to proliferate after centrinone treatment (table S5) . Nine lines spanning a range of amplification levels (HeLa, 4%; NIH/3T3, 6%; U2OS, 7%; HCT116, 9%; Calu-6, 11%; MDA-MB-231, 16%; BT-549, 19%; and N1E-115-1, 81%) were depleted of centrosomes, and their proliferation rate was compared with dimethyl sulfoxide (DMSO)-treated controls (Fig. 2 , A and SCIENCE sciencemag.org C). We observed no correlation between basal centrosome amplification state and proliferation after centrosome depletion, which indicated that cells with multiple centrosomes are not addicted to them.
To study the origins of centrosome amplification within cancer cell lines, we depleted centrosomes from three cell lines that normally exhibit low (HeLa, 4%); medium (BT-549, 19%); or high (N1E-115-1, 81%) amplification (Fig. 2G) . We then washed out centrinone and counted centrosomes at regular intervals. In all three lines, centrinone washout triggered an initial wave of centrosome overduplication (Fig. 2G and fig. S9 , A and C), owing to the lack of copy number control during de novo assembly and elevated Plk4 levels that resulted from inhibition of autophosphorylationmediated degradation (figs. S1C and S9D). This wave of overduplication was followed by a gradual return to a centrosome number distribution similar to that before depletion (Fig. 2G) . Live imaging of HeLa cells revealed that recovery of the original distribution occurred by removal of cells with supernumerary centrosomes via multipolar mitoses with death of the resulting progeny ( fig.  S9B ). Thus, each cancer cell line has an intrinsic centrosome number distribution, or "set point," that is independent of preexisting centrosomes and reflects a dynamic equilibrium between ongoing overduplication and selection against cells with extra centrosomes.
To determine whether centrosomes are required for the proliferation of normal human cells, we analyzed the effect of centrosome depletion in three cell lines and three primary cell cultures. Prior work with RPE1 human retinal pigment epithelial cells showed that transient centrosome removal did not block passage through the subsequent G 1 -S transition (24) , but the effect of multigenerational centrosome removal could not be analyzed because S-phase entry triggered de novo centriole assembly. Using centrinone to persistently block centriole assembly in RPE1 cells, we found that centrosome loss coincided with a plateau in cell number (Fig. 3A) . A 12-day passaging assay and flow cytometry showed that centrosome depletion led to cell cycle arrest in G 1 (Fig. 3E  and fig. S10A ); an identical arrest was observed after centrosome depletion in three primary cell cultures and two other lines lacking cancerassociated mutations (table S6 and fig. S10 , B and D). Centrinone treatment did not lead to centrosome loss or proliferation arrest in RPE1 cells where both endogenous PLK4 alleles were engineered to express the centrinone-resistant G95L mutant (Fig. 3B and fig. S11 ), which indicated that the arrest is triggered by centrosome loss due to Plk4 inhibition.
The potent G 1 arrest in the absence of centrosomes was in contrast to the normal progression through G 1 -S observed after transient centrosome removal (24) . To address this difference, we used live-cell imaging to establish the lineage of RPE1 cells coexpressing centrin-GFP and H2B-RFP after acute centrinone treatment (Fig. 3C) . Pioneer one-centrosome mothers divided at normal frequency, but a significant fraction of their oneand zero-centrosome progeny arrested (25.5% and 33.0%, respectively). The majority (70%) of the progeny of pioneer zero-centrosome mothers arrested. That one-centrosome progeny of onecentrosome mothers arrested indicates that cells detect loss of even a single centrosome. Thus, penetrant G 1 arrest requires one to two cell cycles after centrosome removal, which explains why it was not observed after transient centrosome ablation. We speculate that progressive arrest, rather than an immediate block when one or both centrosomes are absent, allows for rescue by the de novo centriole assembly pathway. Of the cell lines we identified that continue to proliferate in the absence of centrosomes, 12 have mutations in or suppress expression of p53 (table S5) , which suggests that the arrest is p53-dependent. Consistent with this, immunoblot analysis showed increased levels of p53 and its downstream effector p21 after centrosome depletion (Fig. 3D and fig. S10C ). Fixed analysis in RPE1 cells and primary fibroblasts revealed that this p53 increase paralleled the arrest observed in the lineage analysis (fig. S10, E and F), and small hairpin RNA (shRNA)-mediated p53 depletion in RPE1 cells allowed indefinite proliferation in the absence of centrosomes (Fig. 3E) . Three lines of evidence indicate that the p53-dependent arrest was not a consequence of DNA SCIENCE sciencemag.org , and Ser 392 phosphorylation and Lys 382 acetylation) (Fig. 4A and fig. S12A ) (25, 26) . Second, g-H2A.X foci, which mark sites of doublestranded DNA breaks, were not more abundant in centrinone-treated cells (Fig. 4B and fig. S12B ). Third, chemical inhibition of the DNA damageresponse kinases ATM, ATR, Chk1, and DNA-PK had no effect on the proliferation arrest induced by centrosome loss (fig. S12C) . The G 1 arrest induced by centrosome loss was also not due to stress signaling; p38 stress kinase, activated by both doxorubicin-induced DNA damage and chromosome missegregation (induced by Mps1 inhibition), was not activated by centrosome loss (Fig. 4C) , and a p38 inhibitor had no effect on the G 1 arrest (fig. S12, D and E) . Knockdown of LATS2 or expression of constitutively active YAP-both recently shown to bypass a Hippo pathway-mediated arrest resulting from cytokinesis failure (27)-also did not bypass the arrest caused by centrosome loss (Fig. 4D and fig. S13 ).
When mitosis is artificially prolonged beyond 90 min in RPE1 cells (unperturbed duration is 20 min), a mitotic duration sensor arrests the resulting progeny in G 1 in a p53-dependent manner (28) (Fig. 4E, left) . In a study of Sas4 -/-mouse embryos, it was proposed that centriole loss delays mitosis and activates the sensor, which triggers p53-dependent apoptosis (29, 30) . To test this idea, we correlated the mitotic duration of mother cells with daughter cell fate during the course of centrosome depletion (Fig. 4E and fig.  S14A ). All one-centrosome mothers and 87% of zero-centrosome mothers spent less time in mitosis than the duration sensor timing cutoff (dashed black line in Fig. 4E) , with most completing this step in significantly less time. There was no correlation between mitotic duration in the mother cell and daughter cell fate. Thus, the G 1 arrest triggered by centrosome loss is not a result of extended mitotic duration. In addition, chromosome missegregation was observed only in a minority of cells (asterisks in Fig. 4E ), which suggested that aneuploidy resulting from centrosome loss was not the cause of the arrest. Consistent with this, after deliberate induction of chromosome missegregation via Mps1 inhibition, only 11% of the progeny of mothers with visible missegregation arrested in G 1 ( fig. S14B ).
Our results indicate that the p53-mediated G 1 arrest after centrosome loss is not due to any previously described signaling mechanism. Instead, centrosome loss resembles the effect of chemically blocking the interaction between p53 and MDM2, the E3 ubiquitin ligase that targets p53 for degradation (31) . Both centrosome loss and treatment with the Mdm2 inhibitor R7112 raised p53 levels without genotoxic stress and led to increased MDM2 and decreased MDM4 levels (Fig. 4F) . However, whereas R7112 washout led to resumption of proliferation, centrinone washout did not (Fig. 4G) , even though arrested cells remained viable for >3 weeks. This difference could result from centrosomes being necessary to suppress p53 levels and new centriole assembly requiring S-phase entry. Effectively, this would trap centrosome-less G 1 -arrested cells in a "Catch-22" situation-unable to reduce p53 levels and enter S-phase because they lack centrosomes and, at the same time, unable to form new centrosomes because they cannot enter S-phase.
In summary, the Plk4 inhibitor centrinone permits reversible knockout of centrioles and centrosomes and may prove broadly useful for analysis of these organelles. Centrinone treatment revealed that centrosomes are essential for the proliferation of normal human cells, settling a long debate and highlighting an important difference from Drosophila (32). In their absence, a centrosome loss sensor arrests cells in G 1 in a p53-dependent manner distinct from previously described signaling mechanisms. In addition to preventing the proliferation of centrosome-less cells, the centrosome loss sensor may also serve a physiological function. As centrosome inactivation is coincident with differentiation in many contexts (33) (34) (35) , we speculate that it may not only be important to form specialized microtubule arrays, but may also function as a barrier restricting cell cycle reentry. Cancer-derived cell lines, irrespective of their basal amplification state, continue to proliferate without centrosomes, albeit with substantially reduced mitotic fidelity. The differential effect of centrosome removal on normal cells and cells with cancer-associated mutations suggests the possibility of combining centrosome depletion with other perturbations to selectively target dividing cancer cells. 
